The effect of an accelerator on the morphological evolution during copper electrodeposition was investigated with the designed one-directional ͑1-D͒ pattern which has a seed layer only at the bottom of the pattern. Field-emission scanning electron microscope images showed that there was no superfilling found in the pattern with 0.2 m width trench and no reduction in the surface area during electroplating. This indicates that superfilling in a damascene pattern results from the accumulation of the accelerator. It was found that copper damascene electroplating for ultralarge-scale integration is a simple electroplating system that is controlled by the activation overpotential of adhered organic additives, not by the concentration overpotential of copper ions.
As the amount of data storage and processing speed increases, the next generation semiconductor devices would be ultralarge scale integration ͑ULSI͒ devices which have a high density of transistors and a high current density. The most important factors influencing the device performances are the decreasing area, the shrinkage of the wiring size, and the trench current density that can reach a few mega-amperes per centimeter squared under these conditions. 1 The adoption of copper for wiring has been reported to enhance the tolerance for electromigration and the electric conductivity, which result in a decrease in the resistance capacitance ͑RC͒ delay and an increase in the device speed under the same device conditions. 2 Although copper has many advantages it could not be used due to the difficulties associated with the patterning process. General wiring processes obtained from the dry etching process can result in usable patterns after the deposition of a thin film. However it is not suitable for the copper wiring process because the copper halogen complex is not sufficiently volatile. These difficulties were overcome by IBM in 1997 which introduced the damascene process, which involves etching the silicon oxide first followed by filling the trench using the electrodeposition method. Since then, this process has been deployed on a commercial scale. 3 There are three types of additives used in the copper damascene process, which are classified according to their function, the accelerator ͑3-mercapto-1-propanesulfonic acid; MPSA series, Mw: 87͒ and the suppressor ͑polyethylene glycol; PEG series, Mw: 1000-10,000͒, and the leveler ͑Mw: over 10,000͒ which inhibits overshooting in a narrow pattern. The most important problem in a high aspect ratio pattern is void formation, which causes bad step coverage during the electroplating process. However, this can be solved using organic additives. Currently, research is being carried out on a flat wafer surface without patterning with organic additives such as polyethylene glycol, polyaniline, etc., but the mechanism is not well understood. Only a few attempts were made to clarify the role of several additives during electrodeposition of copper in trench or via filling.
There are several models verifying the function of accelerator and suppressor during pattern filling in the submicrometer pattern. Andricacos et al. proposed that additives are diffusion controlled, thereby, an additive flux forms as a result of the shape-induced concentration field on the entire micro profile. 2 An insufficient additive supply can cause nonuniformity of the additives resulting in superfilling. This model has its exception in overfilling. [4] [5] [6] [7] Krichmar suggested a model where the local differences in the kinetics occur during the area-blockage treatment of inhibition. 8 However, this model still cannot show how the deposition rate accelerates in the cavities. There is also a competitive adsorption model involving current-potential hysteresis. [4] [5] [6] 9 The most valid model is the accelerator accumulation model. This model is made up of a selective accelerator concentration or the slow desorption of an accelerator, with the consequent shrinkage in surface area inside the cavities as the accelerator surface concentration increases. 6, 7, [10] [11] [12] On the growing surface, the accelerator adsorbs and floats simultaneously, which accumulates beside the PEG-chloride ion complex resulting in displacement. 12 No study has been reported to observe this process directly. This present study aims to identify the contribution of the additives to superfilling using a designed one-directional ͑1-D͒ pattern for 1-D growth from the bottom of a trench during electroplating. In addition, the copper ion supply to the submicrometer scale pattern was investigated at the extreme upper and lower current density limits with various pattern densities.
Experimental
1-D patterns have similar pattern shapes and sizes to the conventional damascene pattern. In the conventional damascene pattern, the seed layer is deposited in three sides simultaneously, which are the field, the sidewall, and the bottom of the trench. This makes it possible for three-directional ͑3-D͒ growth during electroplating. Figure  1a shows the conventional damascene pattern ͑3-D pattern͒ shape after seed layer deposition and its trench patterns with various widths by space combinations were prepared as grating arrays in 7000 Å fluorinated silicate glass ͑FSG͒ formed on a silicon wafer. Figure 1b shows a 1-D pattern shape, which has only a seed layer at the bottom. This pattern generally can be shown in the lithography, electroforming, and molding ͑LIGA͒ method in microelectromechanical system ͑MEMS͒ structures. Tetraethylorthosilicate ͓TEOS:3000 Å, TaN:250 Å, Cu seed layer: 1200 Å, SiN:1000 Å photoresistor ͑PR͒: 4700 Å͔ were sequentially deposited onto a Si substrate, and photolithography and the SiN etch area were then processed. The SiN interlayer is essential for enhancing adhesion between the Cu and PR.
In order to simulate the actual environment of the commercial copper electroplating for ULSI, Enthone ViaForm bath was used instead of a handmade bath with bis͑3-sulfopropyl͒ disulfide ͑SPS͒ and polyethylene glycol ͑PEG͒. The virgin makeup solution was a 
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Electrochemical and Solid-State Letters, 9 ͑4͒ C65-C68 ͑2006͒ C66 highly acidic sulfate bath ͑CuSO 4 ·5H 2 O; 70 g/L, H 2 SO 4 ; 180 g/L, HCl; 50 ppm͒. A schematic of the plating cell used for the experiment is shown in Fig. 2 . Electrodeposition was performed at a constant temperature of 25°C. 13 The experiments were performed to determine the superfilling conditions in terms of current density and deposition time with the 3-D pattern and also to achieve the comparable standard condition of the same height at the 1-D pattern. Figure 3 shows the gap-fill performances in the 3-D patterns as a function of current density. Each figure shows two different patterns, the left one is 0.2 m width by 0.2 m space pattern and the right one is 1.0 m by 0.2 m space pattern. In Fig. 3a , filling with a low current density causes voids in the middle and top of the trench due to the tendency of conformal growth. Figure 3b shows that filling with a high current density also causes a void at the bottom as a result of the general problem which is the discontinuous seed layer at the corner of the trench bottom. Based on these results, the optimum filling condition would be to deposit copper at a current density of 10.5 mA/cm 2 , as shown in Fig. 3c , and this value was set as the reference current density to compare the filling performances between 3-D and 1-D pattern in Fig. 4 . Figure 4a shows the stepwise filling performances at various plating times with the current density of 10.5 mA/cm 2 in the 1-D pattern. At each time, the plating thickness in the 0.2 by 0.2 m pattern was similar to that in the 1.0 by 0.2 m pattern. In addition, the plating thickness was proportional to the plating time, as shown in Fig. 4c . Figure 4b shows the stepwise filling performance in the 3-D pattern, and the superfilling phenomenon was observed in the 0.2 by 0.2 m pattern and to a much lower extent than in the 1.0 by 0.2 m pattern, which was not observed in the 1-D pattern. In order to understand the superfilling phenomenon in the 3-D pattern, it can be assumed that at the early stage of deposition in a narrow pattern, the accelerator accumulates as a result of a decrease in the surface area in the concave region. 7, [10] [11] [12] In contrast, additives are provided equally to both a narrow and wide pattern area in the 1-D pattern. This shows that shrinkage of the surface area does not lead to the adsorption of a constant amount of additives on the surface from which there is no acceleration of the deposition rate. Only the accelerator remains on the surface even after extensive metal deposition which is a unique characteristic of this model. In the 3-D pattern, the bottom area of the wide pattern ͑2 m͒ has a topological similarity to the field area during electroplating. Therefore, the plating thickness at the bottom of a wide pattern can be assumed to be the same as at the field area. In addition, in the 1-D pattern, which does not have a field area, the plating thickness in the bottom of the wide pattern can be also regarded as being the plating thickness at the field.
Results and Discussion
As the pattern width becomes narrower, superfilling requires a high plating rate at the pattern bottom because of the short pinch-off time. But a high plating rate makes it difficult to fill the narrow pattern, and this causes a copper ion deficiency inside the trench due to insufficient copper diffusion, in general. Figure 6 shows the comparisons of SEM micrographs deposited at 0.5 and 180 mA/cm 2 , and, although the current densities are different, the same amount of charge was passed on each sample by controlling the time. As shown in Fig. 6 , the plating thickness in a narrow pattern ͑0.2 by 0.2 m͒ is almost the same as that in a wide pattern ͑1.0 by 0.2 m͒ for both lower and upper current densities. The latter corresponds to a 4 m/min plating rate, which takes about 30 s for the filling of the 0.2 by 0.2 m pattern shown in Fig. 4b , and the filling rate is approximately 1.5 m/min during superfilling. Therefore, Fig. 6b suggests that the plating retardation as a result of a deficiency in copper ions in a narrow pattern is negligible even at a plating rate of 2.5 times that needed for the superfilling in the 0.2 by 0.2 m pattern. Hence, the supply of copper ions for this plating bath can be sufficient as the increase in the plating rate is linear with the accelerator concentration at the patterned copper surface during superfilling. 6 This indicates that the supply of copper ion is sufficient during electroplating and the concentration overpotential would be negligible. Figure 7a shows the filling performances at various space patterns with a 0.2 m width, and the film thickness for each pattern is almost the same. A similar result is also obtained at various width patterns with a 0.2 m space in Fig. 7b . These results indicate that the film thickness also does not depend on the pattern density and pattern size from which the concentration overpotential is negligible, as mentioned above. Moreover, there is no geometric current 
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Conclusions
The effect of an accelerator during the electrodeposition of copper for wiring in electronic devices was investigated using a 1-D pattern which has a seed layer only at the pattern bottom. Since no superfilling was found in the 0.2 m pattern during electroplating in the case of no shrinkage in the surface area, superfilling in a damascene pattern results from accelerator accumulation. In addition, the copper plating rates for the designed patterns at various widths and space patterns were similar, indicating that the concentration overpotential effect for copper electroplating for the submicrometer scale devices might be negligible. Therefore, it appears that the copper damascene electroplating for ULSI can be regarded as a simple electroplating system that is controlled by the activation overpotential caused by the adhesion of organic additives, not the concentration overpotential of copper ions. 
